Abstract: A double-layered coating, consisting of a hydroxyapatite (HA) outer film and a fluor-hydroxyapatite (FHA) inner film, was produced on a Ti substrate by a sol-gel route to improve the biocompatibility and functionality of the system. Dissolution behavior of and in vitro cellular responses to the layered film were investigated. Calcium nitrate and triethyl phosphite were used for calcium and phosphate precursors, respectively, and ammonium fluoride was added as a fluorine-ion source for FHA. The FHA layer was deposited on Ti by spin coating and subsequent heat treatment at 550°C for 30 min in air, and then the HA layer was laid down over the FHA-coated Ti under the same conditions. After heat treatment, characteristic apatite structures and phases were developed on both FHA and HA films. The cross-section view of the HA/FHA film clearly showed a double-layered structure on Ti with each layer approximately 0.6 -0.8-m thickness. The coating layer was highly uniform and dense, and adhered to Ti substrate strongly with an adhesion strength of about 40 MPa. The in vitro solubility of the HA/FHA layered film in a physiological solution was between that of HA and FHA pure film, and the dissolution profile was quite biphasic, that is, an initial rapid period and a slowdown with increasing time, reflecting the gradient solubility of the fast HA outer structure/slow FHA inner structure. The human osteoblast-like HOS TE85 cells cultured on the HA/FHA layered film attached, spread, and grew favorably. The proliferation rate of the cells on the layered film was significantly higher (considered at p < 0.05 for n ‫؍‬ 6) than that on Ti substrate and was similar to that on pure HA film. The alkaline phosphatase (ALP) activity and osteocalcin (OC) produced by the cells on the layered film were significantly higher (considered at p < 0.05 for n ‫؍‬ 6) than those on Ti substrate. Moreover, the ALP and OC levels of cells on the layered film showed the trends of HA outer/FHA inner structure with respect to culture period, that is, HA initially and FHA later. These observations suggest that the HA/FHA layered film on Ti obtained by a sol-gel route possesses gradient functionality in terms of solubility and cellular responses, and find that those parameters can be tailored for specific use in hard-tissue implants.
INTRODUCTION
Hydroxyapatite [HA, Ca 10 (PO 4 ) 6 (OH) 2 ] films on Ti-based metals (Ti and its alloys) have attracted much attention in hard-tissue applications, aiming at combining bioactivity and mechanical strength. [1] [2] [3] [4] In vivo studies of HA films on Ti implants have shown good fixation to the host tissues and enhanced bone ingrowth into the implants. 3, 4 The fluorapatite [FA, Ca 10 (PO 4 ) 6 F 2 ] coatings on metallic substrates have also gained much interest in areas that require long-term chemical and mechanical stability of the coating layer. 5, 6 Pure FA is known to have a lower bioresorption rate than HA, and to possess a level of biocompatibility that is comparable to that of HA. 5 Moreover, because FA forms fluor-hydroxyapatite [FHA, Ca 10 (PO 4 ) 6 (OH,F) 2 ] solid solutions with HA by replacing F Ϫ with OH Ϫ over a complete range, the solubility of the coating layer can be tailored by compositional variations. 7, 8 In particular, the fluorine itself is effective in preventing dental caries, and therefore much research on the fluorine ion has been carried out in dental-restoration areas. 9 Furthermore, the treatment of fluorine at low doses in osteoporosis patients promotes the mineralization and calcification of apatite crystals in bone formation. 10 Currently, most HA and FHA coatings are obtained by a plasma-spraying method. However, there are some problems associated with the plasma-spraying method, such as low mechanical strength, chemical inhomogeneity, and high porosity of the coatings. [11] [12] [13] Most of these problems result from the excessively high fabrication temperature and the thick coating layer. In comparison, the sol-gel approach offers advantages in engineering thin and dense films. The sol-gelderived films possess chemical homogeneity and fine grain structure beause of low crystallization temperature. In addition, the method is technically simple, cost-efficient, and beneficial for complex shaped implants. 14 -21 Because of such advantages, the sol-gel HA films have gained much interest recently for biomedical applications, and were produced by several groups with different precursors. However, little is known about the FHA films obtained by the sol-gel route. Recently, the authors obtained FHA powders and thin films on Ti and ZrO 2 substrates by the sol-gel method. 6, 16, 17 From the results, the FHA was observed to possess a lower dissolution rate than HA, suggesting the possibility of tailoring solubility by fluorine incorporation. Moreover, the FHA showed higher thermal stability and degree of crystallization as compared to HA during sol preparation and the heat-treatment process. Based on the previous results, a layered film is proposed, consisting of an HA outer and FHA inner layer on a Ti substrate, in order to give the system a gradient functionality in terms of solubility and biological properties. The HA outer layer is intended to induce rapid cellular responses at initial periods after implantation with its high bioactivity, and the inner FHA layer, because of its low solubility, is expected to last for long periods, giving the system longevity and stability.
The structure and morphology of the layered apatite film on Ti were evaluated, and its biological performance was investigated in terms of dissolution behavior and in vitro cellular responses.
MATERIALS AND METHODS

Preparation of Sol-Gel Films
The fabrication of HA sol-gel film was slightly modified from the previous report. 16, 17 4 OH, BDH, United Kingdom) were added to the solutions (2% to FHA and 5% to HA sol) in order to improve the gelation and polymerization of the apatite structure, and the mixtures were further stirred and aged for 7 days.
As a substrate for coating, a commercially pure Ti (c.p. Ti, grade 2) disc was used after being polished with diamond slurries to 1 m and cleaned in acetone and ethanol/water. Firstly, the Ti disc was spin-coated at a speed of 2000 rpm for 5 s under ambient atmosphere with the FHA sol, dried at 80°C, and then heat treated at 550°C for 30 min in air. Over the FHA-coated Ti, an HA film was obtained with the use of the HA sol at the same coating conditions as the FHA to prepare an HA/FHA double-layered film. For the purpose of comparison, pure HA and FHA films were also prepared by repeating the coating process twice without alternating each sol. HA and FHA powders were also prepared for compositional analyses, after drying of the aged sols at 80°C for 48 h, and further heat treatment at 550°C for 1 h in air. In particular, fluorapatite (FA) sol-gel powder was also produced from a sol prepared at different F addition ([P]/[F] ϭ 3), under the same processing conditions as other powders.
Characterization
The chemical structure of the films and powders was observed with Fourier transform infrared spectroscopy (FTIR; System 2000, Perkin-Elmer). The crystalline phase of the film was analyzed with the use of X-ray diffraction (XRD; PW4620, Philips, Holland) at a scan rate of 0.2°/min with CuKa radiation (wavelength ϭ 1.54056 Å). The powder composition was analyzed with the use of inductively coupled plasma-atomic emission spectroscopy (ICP-AES, Shimadzu, Japan) after the powders were dissolved in an acidic solution (1N HCl) and diluted with deionized water. The lattice parameters of the powder were calculated from XRD patterns with the use of a high-purity silicon powder (Si Ͼ 99.999%, Aldrich, United Kingdom) as an internal standard. Analytical errors were less than 0.0005 Å. The surface and cross-section morphologies of the film were observed with the use of field-emission scanning electron microscopy (FESEM; JSM-56300, JEOL, Japan). The film thickness was measured with the use of microscopy from five arbitrary areas, and data were represented as mean Ϯ standard deviations (SD) for n ϭ 5. The roughness of the film was measured with the use of a surface profiler (Proscan 1000, United Kingdom) by laser scanning the surface within an area of 200 m ϫ 200 m at an interval of 1 m. The representative roughness parameter R a (average height above center line) was obtained from 10 different sections and averaged (mean Ϯ SD, n ϭ 10).
Adhesion strength of the film with respect to Ti substrate was measured with the use of an adhesion test apparatus (Stud Pull Tester; Sebastian V, Quad Group, WA). 6 A 2.69-mm stud precoated with a bonding agent of a proprietary composition (Quad Group, WA) was adhered to the film by curing at 150°C for 1 h. After cooling, the stud was pulled at a speed of 5 mm/min until the film failed, and the adhesion strength was measured in relation to the surface area. Six specimens were tested for each condition, and data were represented as mean Ϯ SD for n ϭ 6.
Dissolution Tests
In order to observe the dissolution behavior of films, the coated samples with a dimension 20 mm ϫ 20 mm ϫ 1 mm were immersed in a 100-mL phosphate-buffered saline (PBS, Aldrich, United Kingdom) solution and incubated under static conditions for 14 days at 37°C. The medium was refreshed manually each day for the first 3 days and then every 2 or 3 days thereafter. At each time period, the sample was taken out and the Ca 2ϩ -ion concentration dissolved from the film was measured with the use of ICP-AES after the solution was diluted within a concentration range (0.5-50 ppm) of a standard curve. The 
Cell Attachment and Proliferation
Human osteosarcoma HOS TE-85 cells were cultured in a humidified atmosphere of 5% CO 2 /95% air at 37°C. The culture medium consisted of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 50 IU/mL of penicillin and 50 g/mL of streptomycin. After culture for 3 days until confluence, the cells were washed with phosphate-buffered saline (PBS), detached with trypsin/EDTA solution (trypsinization, 0.25% trypsin/0.5 mM EDTA) at 37°C for 10 min, and centrifuged and resuspended for further reseeding and growth tests.
Each specimen for cell tests (HA/FHA, HA, and FHA films on Ti, and bare-Ti substrate for comparison) was prepared after sterilization at 121°C for 20 min. For initial cell attachment tests, the cells were plated at a density of 6 ϫ 10 4 cells/mL in 0.1-mL medium to form a meniscus on all the specimens (10 mm ϫ 10 mm ϫ 1 mm) in individual wells of a 24-well plate and cultured for 2 and 6 h to allow the cells to attach. At each period, the cells were washed gently with PBS solution to eliminate the nonadherent cells. The adherent cells were detached with trypsin/EDTA solution, centrifuged and resuspended, and then counted with the use of a hemocytometer.
For cell-proliferation tests, the cells seeded at a density of 2 ϫ 10 4 cells/mL were allowed to attach for 6 h in 0.1-mL medium, and then the samples were placed into another plate and cultured for up to 7 days in 1.5-mL medium in an incubator humidified with 5% CO 2 /95% air at 37°C. MTT method was used to assess cell-proliferation levels. MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) is a yellow substrate, which is converted, by live cells, to blue formazan product. Because the assay requires active mitochondria, it is regarded as an accurate measure of the viable cells. At each culture period (1, 3, 5, and 7 days), MTT was added to each well and incubated at 37°C for 4 h. The blue formazan product was dissolved in an acidic solution (0.04N HCl), and the absorbance was measured at 570 nm with the use of a spectrophotometer. The cell morphology was observed with SEM after the cells were fixed with 2.5% glutaraldehyde, dehydrated with a graded series ethanol (70, 90, and 100%), critical-point dried with CO 2 , and gold coated.
Cell Differentiation
To observe cell functionality, alkaline phosphate (ALP) activity and osteocalcin (OC) production of the cells were measured. The cells were plated at a density of 2 ϫ 10 4 cell/mL on each specimen (20 mm ϫ 20 mm ϫ 1 mm) and then cultured for up to 14 days. At each time period (5, 10, and 14 days), the cell layer was washed with PBS and then removed with a cell scraper (Nunclon). After centrifugation, cell pellets were washed with PBS and resuspended by vortexing in 0.5 mL of deionized water with Triton X-100. The cell pellets were disrupted via cyclic freezing/thawing process. The ALP activity of the cells was measured colorimetrically with the use of p-nitrophenyl phosphate as a substrate (ALP kit 104-LL, Sigma). The enzyme ALP expressed by the cells hydrolyzes the substrate to p-nitrophenol and inorganic phosphate. Under alkaline conditions, the p-nitrophenol was converted to a yellow product and its absorbance was subsequently measured at 410 nm with the use of a spectrophotometer. The ALP activity was calculated from a standard curve when normalized to total protein content (mol/mg protein/h), which was measured with a commercial kit (DC protein assay kit; BioRad, Hercules, CA).
The osteocalcin (OC) secreted by the cells was measured by enzyme immunoassay (EIA, Biomedical Technologies, Inc., MA). The cell layers, scraped off from each sample, were added to the EIA sample buffer and homogenized via sonification. One hundred L of cell lysates was put into the 96-well plate, and incubated at 4°C for 24 h. After washing with PBS twice, 100 L of OC antiserum was added to each well and then 100 L of donkey antigoat IgG peroxidase was added and incubated for 2 h at room temperature. After washing with PBS twice, 100 L of substrate solution was added to the wells and incubated for 30 min at room temperature, and then followed by the addition of 100-L of stop solution (2M H 2 SO 4 ). Absorbance was measured at 450 nm, and the OC expression by the cells was determined based on the OC standard prepared in the range of 0.1-2 ng/mL.
Statistical Analysis
The in vitro cellular tests were performed on six replicate samples for each condition, and data were represented as mean Ϯ SD for n ϭ 6. Statistical analysis was carried out with the use of a Student t test and one-way analysis of variance (ANOVA), in comparing data between samples at each culture period as well as between culture periods within each group. Statistical significance was considered at p Ͻ 0.05. Figure 1(A,B) shows the FTIR spectroscopy of the sol-gelderived HA and FHA powders, respectively, after heat treatment at 550°C for 1 h in air. The pure HA powder showed phosphate (PO 4 ) bands at 570 ( 4 ), 600 ( 4 ), 960 ( 1 ), and 1030 -1090 ( 3 ) cm , representing a typical hydroxyapatite structure [ Figure 1(A) ]. 22 Moreover, carbonate (CO 3 ) bands were observed at 870 and 1360 cm Ϫ1 , indicating a substitution of carbonate groups within the apatite structure. 22 The FHA powder had a similar band structure to the HA powder, but additional OH-F stretching mode was also observed at 3540 cm
RESULTS
FHA Powder Composition
Ϫ1
, and the OH librational mode at 630 cm Ϫ1 was highly attenuated, only showing a weak shoulder [ Figure 1(B) ]. These observations for the FHA powder implied the formation of hydrogen bonding between F and OH (FOOH), which is attributed to the partial substitution of F ions for OH ions in the apatite structure. 22, 23 However, the exact amount of F ions replacing OH ions could not be determined from the FTIR analysis. In order to quantify the fluoride amount in the FHA structure, lattice parameters of the FHA were calculated from an X-ray powder diffraction pattern obtained with Si used as an internal standard; 17, 24, 25 these are summarized in Table I . Lattice parameters of pure HA and FA powders were also obtained, and theoretical values of HA and FA crystals are presented for comparison. The theoretical a-axis value of FHA was calculated under the assumption of a linear relationship of the two HA and FA values, because the a axis decreases linearly with increasing F Ϫ substitution for OH Ϫ . [22] [23] [24] [25] The a-axis values of all the sol-gel-derived powders were quite comparable to the theoretical values. Moreover, the a-axis value of the FHA powder was well placed between the two pure HA and FA powders. Based on these results, it is assumed that the F ions added into the sol-gel solution replaced OH ions almost completely during heat treatment, and thus the FHA powder is deduced to have F occupying nearly half the OH sites, having a composition of Ca 10 (PO 4 ) 6 (F x ⅐ OH 2Ϫx ), in which x ϳ 1.0.
The Ca/P ratio of the powders, analyzed by ICP-AES, was ϳ1.69 in FHA and 1.72 in HA powder, with the values being quite similar to the stoichiometry of FHA and HA (1.667). The slightly higher value in HA powder was presumably due to the carbonate groups incorporated into the phosphate lattice. Figure 2 (A-C) shows the FTIR spectroscopies of the films on a Ti substrate produced from the apatite sols. The pure HA Figure 3 (B)], as was previously observed. 16 In the HA/FHA layered film, the typical apatite peaks were also observed, but the HA and FHA peaks were not discernable because of the closely related crystallography [ Figure 3(C) ].
Phase and Structure of Film
Morphology
The SEM morphologies of the HA/FHA layered film on a Ti substrate are represented in Figure 4 (A-C). When pure FHA film was spin-coated on Ti and heat treated at 550°C for 30 min, a highly dense and uniform surface was obtained [ Figure  4(A) ]. Over the FHA-coated Ti, the HA layer, coated at the same conditions, was similarly dense and homogeneous [ Figure 4(B) ]. The cross-section view of the layered film on Ti clearly depicted an HA/FHA double-layered structure with a uniform thickness of each layer approximately 0.6 -0.8 m [ Figure 4(C) ]. The double-layered thin film, being highly dense and homogeneous without delaminations and cracks, appeared to bond tightly to the Ti substrate (FHA/Ti) and each other (HA/FHA). The pure HA and FHA films were also similarly dense and homogeneous (data not shown). Table II summarizes the thickness, average roughness (R a ) and adhesion strength of the films. All films had similar values: thickness of ϳ1.2-1.4 m, roughness of ϳ0.4 -0.5 m and strength of ϳ40 MPa. The roughness of films was slightly higher than that of polished Ti substrate.
Dissolution Behavior
To observe the dissolution behavior of the HA/FHA layered film on a Ti substrate, the cumulative concentrations of Ca 2ϩ and F Ϫ ions released from the film were monitored with incubation in a physiological saline solution for up to 14 days, as is shown in Figure 5(A,B) . Pure HA and FHA films were tested for comparison. Each film was heat treated at 550°C for 30 min in air. The amount of Ca 2ϩ ion released from the HA film was much higher than that from FHA film for all periods, and the release rate (slope) was higher in the HA film at short period (Ͻ3-5 days) [ Figure 5 (A)]. Of special note, the HA/FHA layered film showed a rapid Ca 2ϩ ion release at an initial period (up to ϳ3 days), following the release profile of pure HA film, but the rate slowed down with time, being much closer to the release rate of pure FHA film. The F ions in the HA/FHA layered film started to release within a short period (Ͻ1 day) although the amount was quite low (Ͻ0.1 ppm) [ Figure 5 (B)]. With increasing time, more F ions were released and the release profile became similar to that of pure FHA film, although the release amount was lower than that of pure FHA. From these results, it is deduced that the HA/FHA double layer showed a biphasic dissolution behavior; that is, it follows the HA profile initially and then the FHA release profile. The F ions, even though not present in the surface coating, that is, underneath the HA outer layer, came out initially to some extent, and this was presumably due to diffusion through local pits created by the dissolution of HA.
The dissolved surface morphologies of the HA/FHA layered film are shown in Figure 6 (A-D), with respect to incubation period. When in solution for 5 days, the film surface became nonuniform [compare with Figure 4(B) ], contrasted by dissolved (arrowed) and remaining areas, as shown in Figure 6 (A). On closer examination of the dissolved part (inset), the inner FHA layer appeared, as shown in Figure  6 (B). When the film was in solution for 14 days, the HA layer disappeared, revealing the FHA inner layer completely; in addition, the Ti substrate was exposed somewhat (arrowed), as shown in Figure 6 (C). At high magnification of the remaining FHA layer (inset), a spot-like dissolution pattern was observed throughout, as shown in Figure 6(D) .
Cellular Responses
The in vitro cellular responses to the HA/FHA layered film on Ti were assessed with the use of human osteoblast-like HOS (TE85) cells. The initial cell attachment to the films after culturing for 2 and 6 h is shown in Figure 7 . On all samples, the cells after 6 h attached much more as compared to those after 2 h. Pure FHA film had slightly lower levels as compared to other films, but this was not statistically significant (considered at p Ͻ 0.05).
The SEM morphologies of the cells grown on the HA/ FHA-layered film after culturing for 2 and 7 days are shown in Figure 8(A,B) , respectively. At Day 2, the cell membranes spread well on the film surface [ Figure 8(A) ]. At Day 7, the cells grew actively, covering the surface almost completely [ Figure 8(B) ]. Pure Ti substrate and other pure apatite films on Ti had similar cell-growth morphology (data not shown).
The cell-proliferation levels were measured by an MTT assay after culturing for up to 7 days, as shown in Figure 9 . The polished Ti substrate and pure HA and FHA film on Ti were also tested for comparison. Compared to the cell proliferation on Ti substrate, significantly higher levels (considered at p Ͻ 0.05) were observed on the sol-gel apatite films: on HA at Days 1, 3 and 5, on FHA at Day 5, and on HA/FHA at Days 3 and 5. Among the apatite films, the FHA had significantly lower (considered at p Ͻ 0.05) cell proliferation: at Day 3 with respect to HA/FHA and at Day 5 with respect to HA. Figure 10 shows the alkaline phosphatase (ALP) activity of the cells cultured on each sample for periods up to 14 days to assess the functional activity of the proliferated cells. When compared to the Ti substrate, all the apatite films showed significantly higher (considered at p Ͻ 0.05) ALP expressions by the cells at all culture periods (except for FHA at Day 5). Among the apatite films, the cells on the HA film appeared to express higher ALP level at Day 5 with respect to those on the FHA film, whereas the cells on FHA and HA/FHA films had higher ALP levels at Day 14 with respect to the HA film, but the differences were not significant (considered at p Ͻ 0.05). Regarding the effect of culture period within each group, in the FHA and HA/FHA film groups, the ALP levels at Days 10 and 14 were significantly higher (considered at p Ͻ 0.05) with respect to those at Day 5. No significant difference was observed in the pure HA film and Ti substrate with regard to culture period. Figure 11 shows the osteocalcin (OC) production by the HOS cells on each sample. The trends in OC were similar to those in ALP for all samples. The OC production by the cells on all films was significantly higher (considered at p Ͻ 0.05) than those on the Ti substrate at all culture periods. At Day 5, the cells on FHA appeared to show a higher OC level than others (but not significant), and the OC by the cells on the HA/FHA increased with culture period (significantly higher at Day 14 with respect to Day 5). In conclusion, the ALP and OC levels expressed by the cells on all apatite films were higher than those on pure Ti substrate at all culture periods. The ALP and OC produced by the cells on pure HA and FHA films were quite comparable with respect to the culture period, and the trends in the HA/FHA-layered film appeared to follow those in HA initially and FHA at a later stage, but the difference was not so significant.
DISCUSSION
In this study, hydroxyapatite and fluor-hydroxyapatite thin films were produced on a Ti substrate through a sol-gel approach aiming at providing the system enhanced bioactivity and cellular responses. Compared to plasma-sprayed thick coatings, the thin films possess higher mechanical strength and structural integrity and also facilitate physical and chemical modifications without altering the substrate morphology much. Moreover, because the sol-gel route is a wet chemical method processed at a low temperature, it possesses phase homogeneity and grain structure at the nanoscale. 14, 17 In addition, the method is technically simple, cost-efficient, and useful for complex-shaped implants and porous scaffolds. 15, 16 In order to give the system a level of different solubility and further ion-specific cellular responses, the authors introduced a layered coating system, comprising an HA outer and an FHA inner layer by the sol-gel route. Practically, many biological systems are functionally gradient from compositional and mechanical aspects, as observed in dentin (gradient in fluorine ions) and bones (gradient in structural density and strength). 26 In engineering fields, the gradient structures have been developed and applied widely to optimize systems to the properties required. 27 Recently, works were carried out to produce apatite powders gradient in fluorine concentration. 28, 29 The typical characteristics of HA and FA, the formation of solid solutions over a full range, thus with a level of gradient properties depending on their compositions, such as chemical solubility (HA Ͼ FA), thermal stability (FA Ͼ HA) and ionic effect (F Ϫ ), facilitate their administration to the functionally gradient systems. Here the HA/FHA double layer, as a biological coating component, was proposed as an a priori step toward the functionally gradient coatings to engineer Ti implants for enhanced biocompatibility. Through the HA/FHA design, the coating dissolution would be retarded and controlled, and the fluoride ionic effects, such as prevention of dental caries and improvement of crystallization and mineralization of bones, could be achieved. 9, 10 During the sol-gel process, the fluorine ions added were observed to substitute hydroxyl ions almost completely (Table I). Such a fact confirmed that an exact amount of fluorine ions can be incorporated into the FHA lattice, thus facilitating composition control and dissolution degree through the solgel approach. The positioning of FHA composition to an intermediate layer between HA layer and Ti substrate has the benefit over the direct coating of pure HA or FHA on Ti. The fluorine addition into the HA lattice was observed to improve the thermal stability and crystallization degree of an apatite structure, 16, 17 and thereby the FHA is expected to facilitate good interfacial bonding with Ti substrate. Moreover, although the HA outer layer is expected to induce favorable cellular responses at an initial period after implantation because of its high activity and rapid ion-mediated cell interactions, the inner FHA layer can remain longer and function with long-term stability because of its low solubility.
The layered structure had a bonding strength of approximately 40 MPa, which is higher than or comparable to those usually observed in the plasma-sprayed coatings (ϳ10 -40 MPa). When considering one of the problems associated with the plasma-sprayed coatings, that is, the weak coating strength, the high strength of the sol-gel layer is quite promising. The thin and dense structure as well as the good interfacial properties of the sol-gel film would result in such a high strength value. The characteristics of the compositionally layered structure were reflected in its dissolution behavior (Figures 5 and  6 ). The HA/FHA layer dissolved in a biphasic pattern, that is, it dissolved quickly at an initial period due to the outer HA layer, but the rate was retarded further with similar slope to the inner FHA layer. Such a dissolution profile depending on the composition could be more effective when a system was designed to consist of multiple thin layers with gradient compositions.
In tandem with the solubility of films, the cellular responses were examined in terms of cell attachment, proliferation by MTT assay, and differentiation by alkaline phosphate (ALP) activity and osteocalcin (OC) production with the use of human osteoblast-like HOS cells. The ALP is an important intracellular enzyme that is created at higher amounts in osteogenic and osteoblastic cell membranes that undergo sequential differentiation process in bone formation. 24, 30 Moreover, because the OC is a bone-specific protein, it is used as one of the important bone-differentiation markers. 31 Although the cell attachment was similar among samples, the cell-proliferation and phenotype expressions (ALP and OC) were significantly higher on the films as compared to those on Ti substrate. Comparison of the HA and FHA films showed that the HA film appeared to exhibit higher cell attachment and proliferation. The relatively low proliferation on FHA with respect to HA was also observed previously. 16 Moreover, the ALP activity on HA was much higher at short periods (5 days), but did not significantly increase with time (5-10 -14 days): Although the FHA film showed ongoing increase with culture period (5 Ͻ 10 Ͻ 14 days). The OC production by the cells on FHA appeared to be higher than that on HA, even though not significant. Importantly, the HA/FHA-layered film took on in its cellular responses the traits of both HA outer and FHA inner layers with respect to culture period, even though the difference was not significant, that is, following HA initially (Ͻ5 days), and FHA at prolonged periods (10 -14 days).
Such differences observed in cell attachment, proliferation, and differentiation (ALP and OC), although slight, suggested that the fluorine in apatite played some role in changing the activity of osteoblastic cell functions. In the HA/FHA layered film, the effects of the FHA layer, which is exposed after the HA layer is dissolved, would be not only from the fluorine ions directly, but also through the change in dissolution rates and concentrations of other ions (Ca 2ϩ and PO 4 3Ϫ ). Practically, the fluorine ion itself is known to enhance the differentiation of osteogenic and osteoblastic cells, such as ALP expression and bone-specific protein synthesis. 32, 33 The fluorine concentrations released (ϳ10 Ϫ6 ppm) in this study were quite within the range suggested for the enhancement of osteoblast functions (10 Ϫ5 -10 Ϫ7 ppm). Otherwise, the more sustainable and thus remaining FHA layer, as compared to the readily dissolving HA layer, might also affect further cell activities up to longer period, by means of moderate and long-lasting ion interactions with cells. In this case, the other ions would also play an important role. 34, 35 However, at this point, the precise ionic effects could not be clarified, because the physical properties (morphology, roughness, and surface energy) of the film should also change with chemical dissolutions. Moreover, the cellular responses were the outcome of combined ionic effects (Ca 2ϩ , PO 4 3Ϫ , and F Ϫ ). In this manner, indirect extraction methods are in progress to understand the specific ionic influence separated to physical changes. 36 Still, the elucidation of the relationship between ionic dissolution and cellular responses requires further tests, such as ion-mediated gene expression by human primary osteoblast cells. However, from this study, the fluorine administration to the HA/FHA-layered sol-gel film was observed to provide functional solubility and further compatible cellular responses in the design of a Ti-coating system.
CONCLUSIONS
A Ti substrate was coated with a hydroxyapatite (HA) outer layer and a fluor-hydroxyapatite (FHA) inner layer by a sol-gel route. A phase-pure, uniform, and dense layer was obtained by spin coating and subsequent heat-treatment process. The HA/FHA layered film showed a biphasic dissolution behavior: The dissolution rate was high at an initial period due to the rapid dissolution of HA outer layer, but slowed down at prolonged periods following the dissolution of FHA inner layer. The osteoblast-like HOS cells attached, grew, and proliferated favorably on the layered film, and the proliferation, ALP activity, and OC production were significantly higher (considered at p Ͻ 0.05) as compared to those on pure Ti substrate. In particular, these cellular behaviors on the HA/FHA layered film showed gradient functionalityinitially similar to HA pure film and further comparable to FHA pure film at prolonged periods. These findings suggest that the HA/FHA double layer on Ti possesses potential as a Ti-coating system in hard-tissue applications by tailoring solubility and functional cellular responses.
